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1. INTRODUCTION 
The use of fuel cells as portable energy sources as possible replacements for the 
internal combustion engine and as substitutes for battery technologies are known to have vast 
potential [ 1]. While there exist several different types of fuel cells, proton exchange 
membrane (PEM) fuel cells are of particular interest for use in personal and mass transit 
vehicles. Other types of fuel cells such as molten carbonate and solid oxide fuel cells are ill-
suited for the environmental conditions associated with a motor vehicle. Specifically, the 
high operating temperatures (T > 500°C) of the latter fuel cell types create a number of 
problems that are solved by the lowered operating temperatures of the PEM fuel cell (T < 
200°C). 
Polymer-based membranes are some of the best candidates for the PEM fuel cell for 
several reasons [1]. Polymer membranes offer a lower operation temperature resulting in a 
quicker and less-wasteful start-up of the fuel cell stack. Industry wide, different polymer 
electrolyte membranes have some commonalities. Generally, they are made from 
sulphonated fluoropolymers most typically fluroethylene [2]. Nation® (DuPont) is the best 
known of these fluoropolymers. Nation is chemically resistant, mechanically strong and has 
excellent proton conductivity. However, polymer electrolyte based fuel cells, like those that 
use Nation, have some substantial problems. 
Problems with Nation and various adaptations of it include fuel cross-over and cell 
hydration. Fuel cross-over results when a fuel, e.g. methanol in direct methanol fuel cells, is 
directly absorbed by the polymer and transferred directly from the anode to the cathode 
resulting in an energy loss in the fuel cell. Conceptually, fuel cross-over is very similar to 
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minority carrier conduction in semiconductors. In effect the fuel is transported across the 
membrane to the cathode, where it reacts with oxygen and producing no usable energy, but 
rather only wasted heat. 
Another major problem with Nation is hydration. The membrane must contain a 
sufficient amount of water or its conductivity decreases significantly. Over hydration 
however, is also an issue as the electrodes can flood reducing the conductivity. The excess 
water blocks the pores into the electrodes. Additionally, reactant oxygen at the cathode will 
absorb water as it leaves the fuel cell. This problem is magnified as the protons are 
transported via water molecules from the anode to the cathode as they move through the 
material. Therefore, water must be continually provided to the anode side of the electrolyte 
membrane. Such water management adds additional complexity to the PEM fuel cell. 
While Nafion possesses many excellent qualities, it also possesses some significant 
drawbacks, and therefore there exists motivation to research and develop other materials that 
would exhibit the desirable qualities of Nation without the drawbacks of fuel crossover and 
specific hydration requirements. 
1.1. THE PROTON EXCHANGE MEMBRANE FlJEL CELL 
The first true fuel cell was exhibited by William Grove in 1893 [2]. After performing 
the electrolysis of water using a dilute acid electrolyte and platinum electrodes, Grove 
showed that if the power supply driving the reaction was removed and replaced with an 
ammeter a small current would still be found. Over time, the hydrogen and oxygen that were 
produced during the electrolysis recombined and produced an electric current. 
3 
Electrolyte 
Figure (1). Proton exchange membrane fuel cell. Interaction of H2 with anode, mobility of 
H+ in electrolyte, and reaction of 0 2 with H+ at cathode are shown. 
1.2.ELECTROCHEMISTRY OF PEM FuEL CELLS 
A large number of fuel cells now exist. Constructed from many different materials 
and operating over a range of temperatures, these fuel cells all share some common 
characteristics. H2-02 fuel cells can be generalized into two categories depending on the 
charge of their conducting ions H+ or 0-2. A simple H2-02 fuel cell is shown in Fig. (1). In 
the case of a proton conducting membrane electrolyte, the reaction begins at the anode of the 
fuel cell where the hydrogen gas ionizes. The anode half-cell reaction is: 
(1) 
4 
The protons conduct through the electrolyte membrane while the electrons flow through the 
external circuit. The electrons then combine with oxygen at the cathode forming oxygen 
anions which then react with the protons to form water; the cathode half-cell reaction is: 
(2) 
In the second type of H2-02 of fuel cell, the anions are the conducting species. While 
there is little difference in the overall cell reaction, the reactions at each of the electrodes are 
different. Hydroxyl or like ions, such as thiol groups, conduct in the electrolyte membrane. 
These ions react with gaseous hydrogen in the following reaction. 
(3) 
The electrons then pass through a load before reaching the cathode where water from the 
electrolyte and oxygen from the atmosphere react with the electrons from the anode forming 
new hydroxyl ions. 
(4) 
While H2-02 fuel cells fall into the above categories of either acid electrolyte-based 
or alkaline electrolyte-based, there are still many differences between the different types of 
fuel cells and between different configurations of the same type. Of particular interest for all 
fuel cells is the open circuit voltage or the reversible open circuit voltage. The open circuit 
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voltage of an acid electrolyte fuel cell can be calculated from the Gibbs free energy released 
as the result of the reaction: 
(5) 
1.3.ELECTROCHEMICAL BEHAVIOR OF Hi-02 FuEL CELLS 
The Nemst equation describes the output of the fuel cell voltage as a function of the 
reactant and product concentrations. It can be used to calculate the electrical work done by 
the electrons in the external circuit of the fuel cell. This work is equal to the product of the 
charge of the electrons moving through the external circuit, i.e. Faraday's constant F, the 
number of negative charges moving through the circuit and the voltage of the external circuit. 
In a H2-02 fuel cell, the number of negative charges is two, as two moles of electrons pass 
through the external circuit for each mole of water produced. 
The Nemst equation relates electrical work done and the Gibbs free energy released. 
- /iG 0 - 11£ 0 • 2F f -
Eq. (6) represents the open circuit voltage or EMF of the hydrogen fuel cell. !iE is the 
(6) 
voltage of the fuel cell. This equation has been made specific to the H2-02 fuel cell where 2 
electrons move through the external circuit per molecule of water produced. In general, the 
change in the Gibbs free energy of a chemical reaction is: 
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~GRXN= ~Gc(products)- ~Gc(reactants) (7) 
In the case of a hydrogen fuel cell as shown in Eq. (8): 
AG1 = AG1 -AG1 - Yi AG1 H20 H2 02 (8) 
The Gibbs free-energy of formation, AG f; , where i is the chemical compound, is a function 
of temperature, pressure and concentration. The Nernst equation relates these to the change 
in Gibbs free-energy for the reaction. It gives the open circuit voltage as a function of the 
product and reactant activities that may be themselves functions of the temperature and 
pressure of each component in the reaction. 
For the simple reaction: 
aA+bB-+cC (9) 
The activities, ai for specie i, modify the change in molar Gibbs free energy in the 
following way: 
AG =AG0 +RTln(a~·a!) 
f f ac 
c 
(10) 
For hydrogen fuel cells, Eq. (10) becomes 
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(11) 
Applying Eq. (11) to Eq. (6) the Nernst equation becomes: 
(12) 
Here, ~ is again the open circuit voltage and ~0 is the open circuit voltage at 
standard pressure, which is also sometimes referred to as the maximum open circuit voltage. 
This equation shows that by raising the activity of the reactants there is an increase in the 
voltage. By applying an assumption of an ideal gas to each of the reactants and products: 
(13) 
Here, Pi is the partial pressure of the ith gas and P0 is standard pressure, typically 1 atm. 
(14) 
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A typical value of ~E0, in Eq. (14), at 200 °C with a water vapor product would be 
-1.1 volts [2]. Eq. (14) shows that by raising the temperature and pressure of the reactants, 
the open circuit voltage of the fuel cell can be increased. 
A high open circuit voltage of a fuel cell is desirable. From this voltage, the upper 
limit for the efficiency of the fuel cell can be determined. Further, the open circuit voltage 
allows us to compare dramatically different fuel cell designs. 
1.4.PROTON CONDUCTING SOLIDS 
This thesis examines a new type of PEM fuel cell electrolyte. Sulfide-based materials 
doped with hydrogen sulfide have been studied with the intent to produce a new anhydrous 
fast proton conducting membrane for use in a new anhydrous PEM fuel cell that may operate 
at higher temperatures and be more robust than fluropolymers and not exhibit fuel cross-over. 
Building on previous work with fast ion conducting inorganic glasses [3], it is known 
that the ionic conductivity of oxide glasses is limited due to the strong coulombic interactions 
of the alkali and oxygen anions [4]. Similarly, research on proton conducting oxide glasses 
such as the binary alkaline-earth phosphates showed disappointingly low proton 
conductivities [5] relative to other proton conducting materials. However, these same 
compounds exhibited proton mobilities which were significantly greater than that of the 
sodium ion mobilities in the same glass. To raise the conductivities, hydrated proton 
conducting glasses such as MO• P20s • H10 (where M =Be, Mg, Ca, Sr, Ba) were also 
investigated [5]. However, just like Nation, the hydrated oxide glasses suffered from 
operating temperature limitations due to water boil-off above 100 °C [6]. 
Experimental comparisons between oxide glasses and their sulfide analogues show 
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that sulfide glasses demonstrate increased ionic conductivity over that of the oxide glasses 
[7]. This data is corroborated in part by the larger anion radius of sulfur, 1.84 A for s2-
compared to 1.32 for 0 2-. As a result of this increased radius, a prediction was made [8] that 
the ionic conductivity of a system would increase as a result of sulfur anions. These 
calculations were based on the Anderson and Stuart [9] model shown below in Eq. (15) -
(17): 
(15) 
Z · Z · e 2 1 2 Mb:: o ·(----) 
r r + r0 .A 
(16) 
LIBb is associated with the columbic binding energy of the cation with its charge 
compensating anion, typically 0-. In the above equation, Zand Zo are the charges of the 
modifier cation and the glass-forming anion, respectively, while rand r0 are their 
corresponding radii, respectively. A is the jump distance and y is a covalency parameter, 
which is approximately equal to the high frequency dielectric constant of the glass. 
The second portion of the Anderson and Stuart model involves LIBs, the strain energy 
associated with the cation mobility, µ. Anderson and Stuart used the result derived by 
Frenkel [10]. The result, as shown in Eq. (17) describes the energy required to dilate a 
spherical cavity (doorway) from some radius r to a larger radius r0 . 
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The ilEs term was reworked by McElfresh and Howitt in 1986 [ 11] to model the 
motion of an ion through a cylindrical aperture between each site. 
(17) 
(18) 
Above in Eq. (17) and (18), G represents the shear modulus, r the ionic radius of the mobile 
ion, and ro denotes the radius of the cylindrical opening that the ion must move through to 
reach the next interstitial site and '6W is length of that cylinder. The sum of LlEs and LlEb is 
then equal to LlEact the activation energy, which the ion conductivity is a direct function of. 
As a result of the larger radius of s- compared to 0-, sulfide glasses possess several 
features which increase the ionic conductivity. The increased radius increases the size of the 
interstitial sites thereby lowering the electrostatic binding energy. Also, the value of y is 
larger for S which allows for the formation of covalent bonds with some glass formers, 
resulting in weakened electrostatic interactions with alkali cations, which also increases the 
conductivity. 
As an example of the previously mentioned behavior, Fig. (2) shows Arrhenius plots 
of conductivities for several proton conducting solids. The conductivity for several fast ion 
conducting (FIC) glasses is also shown. Glassy-Lh0•3B20 3 and glassy-
Agl•2Ag2S•2B2S3•SiS2 demonstrate the dramatic conductivity increase that occurs when 
oxide chemistries are replaced by optimized sulfide chemistries doped with iodide salts and 
11 
shifted from Ag to Li cation. Nation is shown as a reference [13]. Nation's conductivity 
increases until 100 °C, after which the conductivity decreases do to H20 evaporation. 
Temperature (°C) 
0 1,000 500 300 200 100 25 0 
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-6 g-Li20'3820 3 
-7 
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10-31</T 
Figure (2). Arrhenius plots of the conductivity for different proton conducting solids [1, 3, 
12, 13]. FIC glasses, g-Lh0-3B203 and g-Agl2Ag2S·2B2S3·SiS2, are included to 
show the level of conductivity increase that can be achieved when simplistic 
oxide chemistries are replaced by optimized sulfide chemistries doped with iodide 
salts and shifted from Ag mobility to Li mobility. Used with permission [ 14]. 
By applying what is known about the dramatic increase in conductivity that results 
with optimized sulfide chemistries, it seems possible that a sulfide material has the potential 
to be an excellent proton conductor. An anhydrous proton ~onducting glasses could possibly 
be made using an S anion with a stable cation glass former. Hydrogen could be introduced 
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into a base sulfur glass using H2S. The resulting material may have a proton conductivity 
similar and possibly above that of Nation without possessing any of its hydration problems. 
Producing such a material with a conductivity exceeding Nation would be ineffectual 
if that material were reactive with air and water or electrically conductive. Therefore 
materials selection has formed a central issue of this thesis. 
1.5.COMPOSITIONS AND THERMOCHEMISTRY OF CHALCOGENIDE COMPOUNDS 
Literature in this area shows that alkali and alkaline earth metals react with hydrogen 
sulfide to produce MSH and M(SH)2, respectively, and they may be prepared by dissolving 
the metal in liquid ammonia and passing H2S through the liquid [15]. The alkaline earth 
hydrosulfides were studied by Douglas in 1964 [16] and by Kaeser in 1973 [17]. Both 
researchers found that the only stable compound above room temperature was barium 
hydrosulfide Ba(SH)2. During the thermal analysis of that compound, one mole of H2S was 
lost per mole of barium hydrosulfide at 100°C. The thermally decomposed compound was 
reported to be barium sulfide. 
Calculations have shown that the stability of metal hydrosulfides increases with an 
increasing atomic number of the cation [18]. For example, theoretical work of Nelson and 
Lagowski in 1967 predicts the formation of alkaline earth hydrosulfides and alkali 
hydrosulfides [19]. 
The alkali metal hydrosulfides, however, have been shown to be thermally unstable. 
LiSH is stable up to only 150 °C [20]. Sodium hydrosulfide begins to decompose at 250 °C, 
but does not convert completely into the monosulfide until 500 °C [21]. Finally, rubidium 
13 
hydrosulfide was shown by Kaeser to decompose at 505 °C. However, decomposition only 
yielded 0.07 moles of hydrogen sulfide per mole of rubidium hydrosulfide [17]. 
Experiments examining the chemical stability of the above alkali metal hydrosulfides 
showed that rapid hydrolysis occurs in moist air with hydrogen sulfide evolving from the 
compounds. It appears therefore that alkali metal hydrosulfides would be ill-suited for a fuel 
cell membrane. 
Besides S, other chalcogenides could be considered, these include Se and Te. 
Unfortunately se· and Te· based compounds are very likely to be toxic. Indications of this 
can be found from hydrogen selenide and hydrogen telluride. H2Se is an extreme eye and 
nose irritant at only 1.5 ppm in air [22]. After a two-hour exposure to 10 ppm of H2Se most 
test animals died in a study of the toxicity of H2Se [23]. A tellurium compound would also 
be deadly. Tests on animals showed paralysis, convulsions, coma and death as a result of 
acute tellurium intoxication [24]. Therefore Se and Te would be ill-suited to form a fuel cell 
membrane material. Additionally Se and Te would likely form semiconducting glasses with 
group IV elements [25, 26], and would therefore be unsuitable for a fuel cell membrane. 
One chalcogenide glass former, B2S3 could be used to produce a thio-acid like solid. 
However this compound is concurrently being studied by other members of this research 
group [27, 28]. To date, these materials have also shown an extreme instability to water. 
From these material selection criteria, GeS2 and As2S3 are possible glass forming candidates. 
GeS2 is far less toxic than As2S3 and is therefore the compound of choice. 
For these reasons, the reactions between GeS2 and H2S have been examined with the 
intent of studying the formation of the thiogermanic acids. Highly acidic electrolytes may 
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potentially result in more conductive electrolytes; assuming that carrier mobility does not 
decrease with an increase in the number of carriers. 
There is limited literature on thiogerrnanic solid acids. However, it was found that in 
an aqueous solution, dissolved germanium dioxide and dissolved hydrogen sulfide form a 
stable acid with a pH of 1.8. A white amorphous solid was produced by Willard [29]. He 
believed that the stoichiometry of the reaction was: 
2Ge02 (hydrated) + 5H2S ~ HzGe2Ss + 4H20 
The compound HzGe2Ss was noted to be very unstable at room temperature. The 
stoichiometry of the thiogerrnanic acid reaction is shown below in Eq. (20). 
(19) 
(20) 
The thermodynamics of the reactions shown above in Eq. (20) were studied to 
determine the possible formation of stable compounds. A full analysis is not possible due to 
the lack of literature values for the interactions of GeS2 with HzS. O'Hare [30] stated that 
most of the basic thermodynamic information for many sulfur compounds had not yet been 
determined, or in the cases that it had, the reliability of the information was questionable. 
While some progress has been made in the area, thermodynamic data for reactions involving 
HzS + GeS2 have not been explored. O'Hare reiterated this point in 1995 [31] with specific 
regard to amorphous sulfur materials. Therefore, without thermodynamic information 
regarding the reactions of H, S, and Ge, an accurate analysis of the thermochemistry of this 
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system is not possible. However, with the correct information the enthalpy of formation of 
an H-S-Ge compound could be found in the following manner: 
For the reaction: 
aA+bB-+cC (21) 
The enthalpy of formation of one of the compounds can be determined if the enthalpy of 
formation for the other two, and the enthalpy of reaction for the compounds is known. For 
example: 
!J.H reaction = c!J.H Jc - a/J.H ta - b/J.H fb (22) 
where /J.Hfi is the enthalpy of formation for the compound i. Therefore, the enthalpy of 
formation for Eq. (20) is shown below. 
/J.H reaction = !J.H1 - a/J.H, - b/J.H , Thioacid J GeS2 J Hz S (23) 
While information on the enthalpy of formation of GeS2 and H2S is available, 
information on the enthalpy of formation of thio-acid is not available. The elementary 
reaction step shown below in Eq. (24) represents the portion of the reaction for which the 
enthalpy of formation of the products is currently unavailable. 
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GeSx + Sff ~ HGeS(x+t) (24) 
If this information was available then the enthalpy of formation for the thiogermanic acid 
could be found. Some information is known however, the enthalpy of formation at 298 K for 
glassy-GeS2 and H2S(g) a.re -115.4±1.6 kJ/mol and -20.63 kJ/mol, respectfully [32, 33]. It is 
experimentally verifiable that several compounds, Adamantane-H4Ge4S10, Double-decker-
H2Ge4S9 and a-GeS2, can form from the reaction of GeS2 with H2S [34, 35, 36]. Therefore 
MI reaction is likely to be negative as !l.G is clearly negative as the reaction proceeds at room 
temperature. Assuming that the contribution of the (T·!l.S) term is negligible as the reaction 
does proceed, the !l.Hreaction is negative and: 
(25) 
Then as MI fThioacid < 502.86 kJ/mol, MI reaction < 0, e.g. negative, such that !lG < 0 which we 
know to be true, as the reaction proceeds. The multiplicative factors of 2 and 4 on each term 
in Eq (25) correspond to the specific stoichiometry of the reactions as shown below in Eq 
(26). 
(26) 
4GeS 2 +2H2S(gJ~Adamantane( H 4 Ge4 S 10 ) 
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2. PuRPOSE 
The purpose of this research is to produce a thiogermanic solid acid for use as a new 
anhydrous high performance PEM. To that end, the (x)H2S + (l-x)GeS2 system has been 
systematically investigated. Ideal properties for a thiogermanic solid acid include high 
proton conductivities of 10·2 (!l-cmr1 to 10·1 (Q-cmr1 between 100°C and 300 °C, thermal 
stability up to 300 °C, zero fuel cross-over diffusion, and good electrochemical and chemical 
stability. Specifically, proton species should be the majority charge carriers in the material 
and the material should be stable in air and water, up to 300 °C. If such a material can be 
developed it may solve a number of the serious problems seen in the proton conducting 
membrane of choice, Nation, used in today's PEM fuel cells. 
2.1. THESIS ORGANIZATION 
This thesis is divided into seven chapters. The introduction provides a basic 
discussion on background of the PEM fuel cell and its electrochemistry. This is followed by 
a review of solid sulfide based fuel cells and the topic of chalcogenide acid compounds and 
their thermochemistry. 
The purpose outlines the overall goals of the research and gives details on the specific 
properties desired in the final material. 
The experimental methods chapter describes the experimental methods that were used 
and describes various improvements to the protonation method and associated apparatuses 
that have been produced during the course of this research. 
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The fourth chapter of this thesis is a paper on the production of high purity a-GeS2, 
the low temperature three-dimensional comer shared crystalline phase of GeS2, from H2S 
reactions with glassy GeS2. The crystalline a-GeS2 phase has been synthesized between 
room temperature and 250 °C with reaction times as short as 16 hours. The a-GeS2 structure 
and purity are verified with powder XRD, Raman scattering and IR absorption. As an 
intermediate to the a-GeS2 product, a thiogermanic acid phase is produced with an 
adamantane-like structure. 
The fifth chapter of this thesis, the major chapter of the thesis, is a paper on the 
(x)H2S + (l-x)GeS2 system. This system has been systematically investigated to determine 
the incorporation of hydrogen specifically into GeS2. · Reactions between gaseous H2S and 
glassy-GeS2 have been explored over a range of temperatures and pressures. Reactions at 
shorter times and lower temperatures (ambient through-250 °C) produce the thiogermanic 
acid ILGe4S10 adamantane structure. Surprisingly, at longer times the unprotonated low 
temperature 3-D a-GeS2 crystal structure is produced. Higher temperature (-750 °C) 
sublimation reactions result in weakly protonated amorphous materials in the form of 
spherical particles ( 100 nm to a few µm). Structural characterizations of the obtained 
amorphous and crystalline materials have been carried out using IR and Raman 
spectroscopies, thermogravimetry, impedance spectroscopy, and SEM. Thermal mass loss 
measurements and quantitative IR of the S-H stretching region -2,500 cm-1 were used to 
determine compositional variations of x. 
The sixth chapter of this thesis is a paper on the formation reaction routes for the 
thiogermanic acid from Ge02 and GeS2 pre-cursors. The reaction routes for the formation of 
the thiogermanic acids Adamantane-lLGe4S10 and Double-decker-H2Ge4S9 have been 
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investigated from gaseous H2S reactions with GeS2 and Ge02. Additionally, the role of 
water in the reaction is examined. Surprisingly, H2Ge4S9 did not form in gaseous H2S 
reactions with GeS2 whereas it formed readily with Ge02 reactions. Moreover, the synthesis 
route for the ~Ge4S10 phase using Ge02 as a precursor. is found to be H2S(g) pressure 
dependent. Structural characterizations of the obtained materials have been carried out using 
IR and Raman spectroscopies and powder XRD. 
Finally, the thesis is completed with a summary and conclusions chapter and a brief 
description of future work is suggested. 
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3. EXPERIMENTAL METHODS 
3.1. CONDENSATE REACTION BETWEEN H2S(g) AND GeS2 
--500°C 
I .--+--He-filled glove-box 
0 0 
0 
NHiOH 
Figure (3) Bubbling apparatus used in chemical vapor deposition research with Ge-S-H 
compounds. H2S gas flowed from the cylinder into a carbon crucible which held 
GeS2. Effluent gases were bubbled through a :NRiOH solution to remove 
unreacted H2S. This method of was unsuccessful due to sublimation of GeS2. 
Preliminary experiments on chemical vapor deposition and high temperature (T > 500 
°C) reaction routes were preformed and proved to be unsuccessful in the protonation of GeS2 
with H2S. Fig. (3) shows the apparatus used in the chemical vapor deposition research. This 
method eventually proved unsuccessful due to the non-melting behavior of unpressurized 
GeS2. Rather than melting, GeS2 quickly sublimated, coating the inside of the silica cylinder 
and the tube of the system. Additionally, it was later found that the thio-acids produced are 
not thermally stable at GeS2 sublimation temperatures. 
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3.2.PRESSURIZED REACTIONS BETWEEN H2S(g) AND GeS2 IN A THERMAL 
GRADIENT 
After the chemical vapor deposition experiments proved unsuccessful, work began on 
a pressurized reactor system. A schematic of that reactor is shown below in Fig. (4). A 
feature of this reactor is the hollow brass cold collar that chills the upper area of the reactor 
with a continuous flow of cold water. 
Pressure Gauge 
Type K thermal couple 
Viton 0-Ring 
- Brass Cold Collar 
Vitreous carbon crucible 
Figure (4) Cold collar reactor used in initial high temperature experiments between 400 °C to 
900 °C. Lower portion of the reactor was lowered into a furnace while the upper 
portion of the reactor was at room temperature due to the hollow brass cold collar 
which rested between the furnace and the Viton o-ring seal. The collar was cooled 
by continuously flowing cold water. Products were chemical vapor deposited on 
the upper cold surface of the reactor. 
While the cold collar ensured a safe seal with the Viton o-ring, it also significantly 
impacted the GeS2 + H2S reaction. After many marginally successful experiments, it was 
suggested that by redesigning the reactor without a cold zone, the inherent temperature 
gradient would be removed. Thus, the reaction time between GeS2 and H2S would be 
increased with the hope of increasing the level of protonation of the final compound. 
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3.3.ISOTHERMAL PRESSURIZED REACTIONS BETWEEN H2S(g) AND GeS2 
Many different reactors were designed, built and tested. Design considerations 
included safety, non-reactivity with reaction components, reusability and general ease of use. 
The reactor design shown in Fig. (5) was the final result. Gasket material selection was also 
a central consideration in designing a safe apparatus. While Teflon was finally chosen, 
however, this has limited reaction temperatures to below 232 °C. Higher temperature carbon 
and copper gasket routes were shown to frequently leak and in some cases react with the H2S 
contained within the reactor. 
200 mg of GeS2 was placed into the high-pressure reaction chamber as shown in Fig. 
(5) below. The mass of the alumina tube was recorded before adding the reactants so that the 
mass of the products can be precisely determined after the reaction. The reactor was then 
sealed with four 3/8"-16 thread, 3-1/2" long, 304 stainless steel (18-8) bolts and their 
corresponding nuts. A viton gasket was placed between the reactor tube and the reactor top. 
The reactor was connected up to the high-pressure reaction chamber system as shown in Fig. 
(6). The reactor is subsequently pumped down to -8x10-2 torr. 
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316 S.S. 
reactor body 
alumina tube 
Figure (5) High pressure reactor. Reactants were placed into the alumina tube that fits inside 
reactor tube. Four 3/8" diameter bolts hold the square top on. A Teflon o-ring 
separates the square top from the reactor tube and provides the high-pressure seal 
from outside contaminates. 
At this point, the ball valve to the vacuum pump is closed along with the needle valve to 
the reactor. After that, the tubing between the two valves is filled with hydrogen sulfide from 
a gas cylinder. While still connected to the high-pressure chamber system, liquid nitrogen is 
added into a dewar up to the square collar of the reactor and the needle valve atop the reactor 
is opened to the rest of the system. As a result, hydrogen sulfide gas flows into the reactor 
and condenses on the alumina tube walls. After the system shows a vacuum of about -14 
psig, the H2S had been frozen to the solid state, relative to atmospheric pressure, the needle 
valve atop the reactor is closed. If disconnected from the high-pressure reactor system at this 
point the reactor would show an internal pressure of approximately 170 psi at room 
temperature. 
to the fume hood 
t· 
PVC i 
N2 
cylinder 
24 
HzS 
cylinder 
canopy 
hood 
excess 
flow 
valve 
Figure (6) High pressure reaction chamber. A system of stainless steel piping connects the 
H2S cylinder to the reactor and roughing pump. The whole of the system is 
located under a canopy hood for safety. 
By using additional fillings and subsequent reductions in pressure by draining the 
hydrogen sulfide into a solution of N~OH, the desired and final pressure could be obtained. 
After warming back to room temperature, pressures ranged from 155 psig to 250 psig. 
Appendix 1, Equation of State of Hydrogen Sulfide, details the method used to determine the 
initial filling pressures for each reaction using the equation of state of hydrogen sulfide such 
that a final target pressure was obtained (290 psig) [37]. The pressure of 290 psig was 
chosen as it is below the hydrogen sulfide vapor pressure at 25°C, which is -305 psig. 
After achieving the desired pressure, the reactor is placed in a dewar of liquid 
nitrogen inside of a nitrogen filled glove-box. After approximately six minutes, the 
temperature of the reactor reached equilibrium with the surrounding liquid nitrogen and as 
such the H2S(g) solidified. The reactor was unsealed and the needle valve on the top of the 
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reactor was exchanged for a solid stainless steel top. Also, the lower temperature Viton o-
ring gasket is removed and replaced with a higher temperature (232 °C) Teflon gasket. The 
reactor top was then secured to the reactor tube. 
Once outside the nitrogen glove box, the reactor is then allowed to equilibrate with 
the ambient laboratory temperature. The reactor was then leaked checked by placing it under 
water. If the reactor is suspected to be leaking an additional leak check is preformed along 
the seam of the reactor top and the reactor tube; vapors, if present, are easily detected by 
smell. 
Finally the reactor was placed in a tube or crucible furnace preheated to the reaction 
temperature (50 °C- 230 °C). All reactions lasted sixteen hours with a constant hydrogen 
sulfide pressure of 290 psig at each specific reaction temperature. 
3.4.GeS2 + H2S(g) ~ H2xGeS(x+2) REACTION PRODUCTS 
This research focused on the protonation of GeS2 with H2S. Protonation is measured 
as the molar ratio of Hand Ge in the final compound. Eq. (27) shows the proposed reaction 
between H2S and GeS2 to produce a protonated thiogermanic solid acid. 
(27) 
IR, Raman and powder pattern XRD spectroscopies have been used to examine the 
formation of protonated species. Previous studies on MoS2 occur with protonation as a 
function of temperature with constant reaction pressure [38, 39]. Thus, this research will 
adopt that convention. The investigated temperature range was between 50 °C to 225 °C for 
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the reactions. Due to material constraints reaction temperatures could not exceed 232 °C 
representing the maximum safe working temperature of Teflon. All reactions were run at 
290 psi at their respective reaction temperatures. The pressure of 290 psig was chosen as it is 
below the hydrogen sulfide vapor pressure at 25°C, which is -305 psig. As a result of the 
constant pressure and fixed volume reactions, the number of moles of H2S does vary with 
each reaction temperature. The result of holding the reaction pressure constant is that the 
number of moles of H2S interacting with GeS2 will vary between the various reactions. 
These molar variations of H2S are negligible, however, due to the coordination of Ge with 
respect to S and the coordination of S with H. Appendix 2, entitled Stoichiometry 
Calculations for GeS2 + H2S(g) Reactions, explores the changing stoichiometry of the 
reactions using the equation of state of hydrogen sulfide [37]. It shows that if all reactants 
were completely consumed to produce a compound, the protonation of said compound would 
vary from 48 to 83 with the varying molar amounts of H2S. Therefore, it is safe to assume 
there is an excess of H2S at each specific reaction pressure and temperature. In this case Ge 
is the limiting reactant for these reactions. 
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4. H2S SYNTHESIS ROUTE FOR HIGH PURITY L. T. 3-D a-GeS2 
Jacob T. Sutherland, Steven A. Poling, Carly R. Nelson, Steve W. Martin 
4.1 ABSTRACT 
Department of Materials Science & Engineering 
Iowa State University, Aines, Iowa 50011 
Submitted to Material Science Letters 
High purity a-GeS2, the low temperature three-dimensional corner shared phase of GeS2, was 
produced from H2S reactions with glassy GeS2. The crystalline a-GeS2 phase has been 
synthesized between room temperature and 250 °C with reaction times as short as 16 hours. 
The a-GeS2 structure and purity are verified with powder XRD, Raman scattering and IR 
absorption. As an intermediate to the a-GeS2 product, a thiogermanic acid phase is produced 
with an adamantane-like structure. 
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4.2 INTRODUCTION AND BACKGROUND 
Germanium disulfide, GeS2, possesses interesting optical and electronic properties such 
as an irreversible shift in the optical absorption edge as a result of photo-oxidation, which 
occurs when thin films are exposed to air under extended illumination [ 1 ]. The low phonon 
energy of glassy-GeS2 (g-GeS2) makes it an attractive choice of l.3µm optical fiber 
amplification [2, 3]. Additionally, GeS2 is one of several materials that have attracted the 
attention of researchers in the area of fast ion conducting glasses for battery applications [4, 
5, 6] and hydrogen fuel cell membranes [7]. Both glassy and crystalline phases are used as 
precursors for the production of these fast ion-conducting membranes. Several different 
crystalline phases of GeS2 are currently known to exist. These can be classified according to 
their various formation temperatures and structural attributes. The low temperature, comer 
shared, three-dimensional phase (referred to here as a.-GeS2), has been well characterized [8, 
9, 10]. A high temperature phase of GeS2 with a laminar edge-shared structure (referred to 
here as ~-GeS2), is also known to exist [8, 10]. Recent research also suggests that another 
phase based on the adamantane structure exists, o-GeS2 [ 11]. 
Past synthesis routes of producing a.-GeS2 have included heating powdered GeS and S [8] 
or heating g-GeS2 [12] to a temperature between 300 °C to 350 °C and allowing the product 
to cool slowly. Building on the synthesis of template-directed mesoporous silica, a third 
method utilizes an organic template, cetyltrimethylammonium bromide, with g-GeS2 as an 
inorganic precursor to produce a.-GeS2 [13, 14]. 
This article reports a new low temperature synthesis method for a-GeS2. This production 
method results in high purity a.-GeS2 with respect to the other crystalline and amorphous 
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phases of GeS2, for example j3-GeS2. The reaction of Ge02 with liquid H2S and a trace 
amount of water has previously been reported to produce an adamantane cage structure and a 
unique, more thermally stable phase of the thiogermanic acid H4Ge4S 10 [6, 7]. Using less 
hydrated conditions, the formation of cx-GeS2 was reported from extended liquid H2S 
reactions with GeS2 (e.g. 12 weeks); the intermediate structure was determined to be the 
adamantane thiogermanic acid [15]. Extending this route to gaseous reactions and elevated 
temperatures (50 °C to 250 °C) allows the production of high purity a-GeS2 in under 16 
hours. 
4.3 SAMPLEPREPARATION 
Glassy-GeS2 was prepared by mixing stoichiometric amounts of germanium metal 
(Cerac 99.999%, 100 mesh) with elemental sulfur (Alfa Aesar 99.999%, 325 mesh). The 
mixture was sealed in a silica tube under vacuum, melted in a tube furnace at 900 °C for eight 
hours, and air quenched to room temperature. The glassy product was ground to a fine 
powder in a Spex-mill. Raman and IR spectroscopy were used to verify its phase and 
chemical purities. 
Fig. 1 shows a schematic drawing of the stainless steel (type 316) reactor that was used to 
produce the a-GeS2. For each reaction, 200 ± 1 mg of g-GeS2 was placed in a dried alumina 
tube (closed one end) which was then placed into the reactor. A Viton o-ring was used to 
seal the bottom portion of the reactor to the top assembly with a Swagelok valve. This was 
accomplished inside of a He glove box ( < 5 ppm H20 and 0 2). The reactor was then 
evacuated to 75 mTorr. The bottom portion of the reactor was cooled with liquid nitrogen 
and filled with-2.2 g of H2S (Matheson Tri-Gas 99.9%, -0.02% H20), which is -270 psig at 
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ambient temperature. Next, the reactor was allowed to slowly warm back to ambient 
temperature and placed in a water bath held at 30.0 °C ± 0.5 °C. The H2S gas was bled out of 
the reactor and into a solution of Nl40H until a pre-reaction pressure, depending on the 
ultimate reaction temperature, was achieved. The specific pre-reaction pressure was 
calculated using the equation of state of H2S [ 16]; the amount of H2S added at room 
temperature was calculated so that when the reactor reached its intended reaction temperature 
(50 °C-225 °C) the pressure would be 290 psig. The pressure of 290 psig was selected as it is 
less than the vapor pressure of H2S at 30°C, 342 psig. This ensures no liquid H2S would be 
present and the quantity of the H2S added could be accurately calculated from the equation of 
state of H2S. 
The reactor then was placed in a second liquid nitrogen bath inside a N2 glove box to 
freeze the H2S to the solid state. The reactor top assembly with Swagelok valve was then 
replaced with a steel blank and sealed with a Teflon o-ring after the reactor had reached 
liquid nitrogen temperatures with the H2S inside frozen solid. 
Finally, the assembled reactor was placed into a furnace preheated to a specific reaction 
temperature. After the designated reaction time (16-64 hours), the reactor was removed and 
allowed to cool to room temperature. The reactor was again placed into a N2 glove box and 
cooled to liquid nitrogen temperatures. The steel blank top was then replaced with the top 
assembly with Swagelok valve and sealed with a Viton o-ring. After removal from the glove 
box, the reactor again was allowed to warm to ambient laboratory temperature. Finally, the 
H2S was removed from the reactor by passing it through a solution of NI40H. 
The a-GeS2 structure and purity were verified with powder X-ray diffraction, Raman and 
IR spectroscopy. The X-ray powder patterns were collected in the range 5° < 20 < 70° using 
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a Siemens X-ray difractometer. The Raman spectra were obtained with a Bruker Ff-Raman 
RPS 100/S spectrometer, using a 1064 nmNd:YAG laser. Measurements were made using a 
resolution of 4 cm-I and 300 mW of laser power focused onto a spot size of -0.1 mm 
diameter. Samples were packed into an aluminum sample holder and covered with 
amorphous tape. The mid-IR and far-IR spectra were measured with a Bruker IFS 66v/s IR 
spectrometer with 4 cm-I resolution. Pressed CsI powder pellets with 3 weight percent of 
sample were used for both the mid-IR and far-IR. 
4.4 RESULTS AND DISCUSSION 
The proposed reaction scheme to produce a-GeS2 is as follows: 
As reported [6, 17], the presence of trace amounts ofH20 is required for the formation of 
the thiogermanic acid phase. It is suggested that excess H20 in the presence of H2S leads to 
an additional phase change of the adarnantane structure into that of a more thermally stable 
thiogermanic acid unit [7]. However, this area of research requires further study. Current 
research is examining the role that H20 plays in the reaction process with specific respect to 
the rate ofreaction [18]. 
According to this reaction process, the first step in producing high purity a-GeS2 is to 
first produce g-GeS2• Slow cooling from a melt at -900 °C, molten GeS2 initially crystallizes 
into 13-GeS2 [19]. Upon further cooling, a-GeS2 arises as the preferred phase leading to a 
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final product contaminated with P-GeS2. By first forming g-GeS2 and reacting it at 
temperatures below the formation temperature of p-GeS2, it is possible to form high purity a-
GeS2 without the contamination of p-GeS2. Low temperature synthesis from elemental Ge 
and S or GeS and S between 300 °C - 350 °C is possible, although only successful after a 
prolonged time. This reaction process relies on the interaction of the gaseous H2S with the 
large surface area of the g-GeS2 powder; therefore larger batch sizes (e.g. grams) should 
proceed at the same reaction rate as smaller batches (e.g. milligrams). Additionally the same 
H2S maybe used repeatedly. 
Fig. 2 shows the XRD powder pattern of the samples. The experimental pattern is shown 
with the X-ray powder index card for a-GeS2 [9]. The X-ray diffractogram shows excellent 
agreement with the powder index card data. 
The Raman spectra is shown in Fig. 3. The spectra are consistent with published 
literature on a-GeS2 [12]. The main peak at 343 cm·1 has been assigned to the A1 comer 
shared mode of the GeS412 tetrahedral. Additionally, four F2 peaks corresponding to a-GeS2 
are observed at 373, 381, 412, and 438 cm·1• In the sample produced at 197 °C, the presence 
of the adarnantane A1 tetrahedral breathing mode is observed at 353 cm-1• This is evidence 
of the adarnantane pre-cursor structure. 
Figures 4 and 5 show the mid-IR and far-IR spectra, respectfully, of the samples. 
Hydrogen impurities are present in the sample prepared at 197 °C as evidenced by the small 
S-H stretch present at 2510 cm·1 in the mid-IR spectra. Several strong F2 bands are present at 
333, 354, 376, 412 and 439 cm·1• These spectra also agree with the published literature for a-
GeS2 [12]. 
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From the powder X-ray diffraction, Raman, mid-IR and far-IR spectra it is clear that a-
GeS2 was formed. Further, from these characterization methods it is clear that the 
microstructure is composed entirely of single phase a-GeS2. The aforementioned method is 
thus put forth as a simple and facile production route for producing single phase a-GeS2. 
4.5 CONCLUSIONS 
The low temperature three-dimensional comer shared phase of GeS2, a-GeS2, can be 
rapidly made from glassy GeS2 at low temperatures (25 °C to 250 °C) from reactions with 
H2S. For example, at 200 °C reaction times were as short as 16 hours. Powder XRD, Raman 
scattering, and mid-IR and far-IR absorption were used to verify the a-GeS2 structure and 
purity. As an intermediate to the a-GeS2 product, a thiogermanic acid phase is produced with 
an adamantane like structure. 
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4.7 FIGURE CAPTIONS 
Figure. 1 A schematic drawing of the stainless steel type 316 reactor that was used to 
produce the a.-GeS2. 
Figure. 2 XRD spectra of g-GeS2 reacted with H2S(hydrous) at 220 °C for 16 hours. The 
powder index card of cx;-GeS2 [9] is shown for comparison. 
Figure. 3 Raman spectra of g-GeS2 reacted with H2S(hydrous) for 16 hours as a function of 
temperature. Note, the dramatic shift from the mixed glassy and adamantane 
thiogermanic acid structure to the a.-GeS2 phase that occurs between the samples 
produced at 197 °C and 200 °C. This may be due to minute differences in the 
amount of H20 present at contaminate levels (µL) during the reaction. Current 
research is examining the role that H20 plays in the reaction process with specific 
respect to the rate of at which the reaction proceeds [18]. 
Figure. 4 Mid-IR spectra of g-GeS2 reacted with H2S(hydrous) for 16 hours as a function 
of temperature. No S-H stretching mode is present for reactions at temperature of 
200 °C and over. This indicates the lack of the adamantane structure. This 
particular area of research requires further study. 
Figure. 5 Far-IR spectra of g-GeS2 reacted with H2S(hydrous) for 16 hours as a function of 
temperature. Note the change from the more glassy intermediate structure at 197 
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°C compared with the crystalline structure of the samples produced above 200 °C. 
The glassy structure arises from the reactant g-GeS2• 
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5. EXPLORATION OF THE H2S-GES2 SYSTEM 
Jacob T. Sutherland, Steven A. Poling, Renaud C. Belin, and Steve W. Martin. 
5 .1 ABSTRACT 
Department of Materials Science & Engineering 
Iowa State University, Ames, Iowa 50011 
For submission to Chemistry of Materials 
In the present work, the (x)H2S + (l-x)GeS2 system has been systematically 
investigated to determine the incorporation of hydrogen into the tetrahedral germanium 
sulfide network. Reactions between gaseous H2S and glassy-GeS2 have been explored over a 
range of temperatures and pressures. Shorter times and lower temperature (ambient through 
-250 °C) reactions produce the protonated thiogermanic acid H4Ge4S10 with an adamantane 
microstructure. Surprisingly at longer times an unprotonated L.T. 3-D a-GeS2 crystal 
structure is produced. At higher temperatures (-750 °C), sublimation reactions result in 
weakly protonated amorphous materials in the form of spherical particles ( 100 nm to a few 
µm). Structural characterizations of the obtained amorphous and crystalline materials have 
been carried out using IR and Raman spectroscopies, thermo-gravimetric analysis, AC 
impedance spectroscopy and SEM. Thermal mass loss and quantitative IR of the S-H 
stretching region -2500 cm-1 were used to determine compositional variations of hydrogen 
(x). 
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5.2 INTRODUCTION 
Germanium disulfide, GeS2, -based systems have received notable attention in recent 
years. GeS2 is a good glass former and some GeS2-based glasses exhibit both favorable 
electrical and optical properties. Semiconducting glasses such as the Ge-Ga chalcogenides, 
e.g. GeS2-Ga2S3 glasses, are potential materials for microelectronics devices [1, 2]. The low 
phonon energy of glassy-GeS2 (g-GeS2) makes it an attractive choice for 1.3 µm optical fiber 
amplification [3, 4]. Additionally, GeS2 is one of several materials that have attracted the 
attention of researchers in the area of fast ion conducting glasses for battery applications [5, 
6, 7] and hydrogen fuel cell membranes [8]. Bulk binary glasses such as the Ag2S-GeS2 or 
LhS-GeS2 systems are solid electrolytes with a high ionic conductivity at room temperature 
(9, 10]. 
Interestingly, the simplest system of the modified thiogermanates, H2S + GeS2, 
appears to have never been extensively studied [11, 12]. Recently, an adamantane-like 
RiGe4S10 phase was structurally determined from liquid H2S reactions with Ge02 [7, 8] and 
glassy GeS2 [13]; whereas a double-decker-like H2Ge4S9 phase was suggested from 
prolonged reaction times in the hydrated environment resulting from liquid H2S reactions 
with Ge02. In prior work, an H2Ge2S5 phase was reported to have been produced from a 
hydrous form of Ge02 in a H2S saturated solution [ 14, 15]. For all of these reports, the 
presence of water is suggested for the reaction process. Figure (1) shows an example of the 
RiGe4S10 thio-acid with an adamantane [Ge4S10] 4- anion. Other researchers have prepared 
thiogermanic acids in the form of a potassium salt [14]. The meta-thiogermanic acid 
(H2GeS3) has been obtained in the form of the piperazine salt (H2GeS3:C4H10N2 or 
S2GeC4H10N2, H2S) (16] and the pyro-thiogermanic acid (H6Ge2S7) in the form of the sodium 
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and potassium salts [17]. Additionally, recent work at lower temperatures with the H2S + 
GeS2 system has yielded an efficient method to produce pure a.-GeS2 in a short time span 
[18]. 
In the present work, the (x)H2S + (l-x)GeS2 system has been more thoroughly 
investigated with respect to reaction temperature. A new synthesis route involving gaseous 
reactions between GeS2 and H2S has been developed. Both high (-750 °C) and more 
moderate temperatures (25 °C to 250 °C) have been explored. SEM micrographs of the poly-
crystalline materials from high temperature reactions are shown for comparison. A 
temperature dependent reaction route is proposed based on Raman and IR spectroscopy. A 
calibration plot of the concentration dependence of the IR absorption in the S-H stretch 
region (-2500 cm-1) is presented. Quantitative IR spectra is then performed, via the 
calibration plot, for select samples and compared to TGA and Raman results. Conductivity 
data is also reported for the selected samples. 
5 .3 EXPERIMENT AL SECTION 
5.3.1 PREPARATION OF THE BASE MATERIAL 
Glassy-GeS2 (g-GeS2) was prepared using germanium metal (Cerac, 99.999%, 100 
mesh) and sulfur (Alfa Aesar, 99.999%, 325 mesh) in stoichiometric amounts sealed under 
vacuum in a silica tube and then heated at 3 °C/min to 900 °C in a rotating furnace for eight 
hours. After air quenching, the glassy product was ground to a fine powder in a spex-mill. 
Characterizations using Raman scattering and mid-IR spectroscopy were used to verify its 
purity with regard to crystallinity and oxide contaminates. To avoid the possibility of air and 
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moisture contamination, a helium glove box ( < 5 ppm 0 2 and H20) was used for all 
handling of starting and final materials. 
All IR spectra of the materials were produced using 3 wt % sample to KBr in pressed 
pellets. The IR spectra were measured with a Bruker IFS 66v/s IR spectrometer using 4 cm-I 
resolution. Raman spectra were taken with a Bruker RFS-100/S Ff-Raman spectrometer 
using a Nd:YAG 1064 nm-I laser line, LN2 Ge-detector in a 180° backscattering geometry 
and 4 cm-I resolution. 
Investigation of weight loss as a function of temperature for the reaction products was 
preformed using a Perkin Elmer Thermogravimetric Analyzer TGA 7 (TGA). A 20 mL/min 
flow of N2 was employed to minimize sample oxidation. About 25 mg of the sample 
material was placed into a small aluminum pan and heated at a rate of 10 °C/min from 50 °C 
to 500 °C 
Selected samples were also investigated with SEM and impedance spectroscopy. The 
SEM micrographs were produced with a Hitachi S-2460N Environmental SEM with a 
Gresham Light element X-ray detector using Isis microanalysis by Oxford. The impedance 
spectroscopy was performed with a Gamry PC4/750 potentiostat using 500 mV amplitude 
voltage in the frequency range of 10-I to 105 Hz on pressed powder samples. About 50 mg of 
each sample was pressed inside a 0.25 inch ID alumina tube using -82 ksi; this resulted in 
pellet thicknesses of -0.6 mm. The stainless steel electrodes were held at a constant pressure 
to the pressed sample using a metal frame, which was insulated electrically with alumina. 
The constant electrode pressure on the pressed samples helped to minimize any interfacial 
separation of the powder and aided in maintaining a constant pellet density. To further 
isolate the samples, an atmosphere of helium was employed inside a silica conductivity cell. 
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The cell was heated using a laboratory-constructed furnace; each sample was allowed to 
thermally stabilize for thirty minutes at each temperature before data collection commenced. 
Cole-Cole complex impedance plane plots were used to acquire the bulk resistivity of the 
sample represented by the intersection of the depressed semicircles. Cell constants were 
determined from the thickness of the pressed sample and the area of the electrodes. 
5.3.2 HIGHTEMPERATUREREACTIONS 
In order to facilitate the reaction between H2S and GeS2, a pressurized system was 
constructed as shown in Figure (2). This system allows the reaction between H2S and GeS2 
up to -100 psig and at temperatures up to - 750 °C. It is composed of a stainless steel 310 
reaction vessel with an alumina tube (closed one end) placed inside. The reactor is sealed at 
the top with a Viton o-ring that is held below its working temperature of -232 °C using a 
water-cooled brass collar. The bottom portion of the reactor is placed in a crucible furnace, 
connected to the system and evacuated (-75 mTorr), and back-filled with H2S gas. The H2S 
was supplied from Matheson Tri-Gas Company with 99.9 mol % purity and -0.05 mol % 
H20 as contaminate. 
High temperature protonation experiments were conducted by placing -3 g of GeS2 in 
a vitreous carbon crucible inside of the previously described reactor. The initial pressure of 
H2S at room temperature was -30 psig. The reactor was heated to -750 °C at a rate of 5 
°C/min, the maximum pressure was -100 psig. After a short time, all the GeS2 was 
sublimated and very thin deposit of brown powder was collected in the water-cooled upper 
portion of the reactor. While different phases were expected, it was found that all high 
temperature reactions yielded the same product consisting of a mixture of g-GeS2 and GeS. 
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It was also noticed that if the initial pressure was higher than -30 psig, a poorly protonated 
material would be produced at elevated temperatures (-750 °C). 
5.3.3 MODERATE TEMPERATURE REACTIONS 
Figure (3) presents a schematic drawing of the stainless steel type 316 reactor that was 
used in the high pressure ( - 290 psig) moderate temperature ( < 250 °C) experiments. For 
each reaction, 200 ±1 mg of g-GeS2 was placed in a dried alumina tube (closed one end), 
which was then placed into the reactor. A Viton o-ring was used to seal the bottom tube 
portion of the reactor to the top assembly with Swagelok valve. The reactor was then 
evacuated to - 75 mTorr. The bottom portion of the reactor was cooled with liquid nitrogen 
and back-filled with-2.2 g ofH2S (-270 psig at ambient temperature). Next, the reactor was 
allowed to slowly warm back to ambient temperature and placed in a water bath held at 30.0 
± 0.5 °C. The H2S gas was bled out of the reactor until a pre-reaction pressure, depending on 
the ultimate reaction temperature, was achieved. The specific pre-reaction pressure was 
calculated using the equation of state of H2S [ 19]; once the reactor reached its intended 
reaction temperature (50 °C - 225 °C) the pressure would be 290 psig. 
The reactor subsequently was placed in a second liquid nitrogen bath inside of a N2 glove 
box. The reactor top assembly with Swagelok valve was replaced with a steel blank and 
sealed with a Teflon o-ring after the reactor had reached liquid nitrogen temperatures with 
the H2S inside frozen solid. 
Finally, the assembled reactor was placed into a furnace preheated to a specific reaction 
temperature. After the designated reaction time of -16 hours the reactor was removed and 
allowed to cool to ambient laboratory temperature. The reactor was again placed into a N2 
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glove box and cooled to liquid nitrogen temperatures. The steel blank top was then replaced 
with the top assembly with Swagelok valve and sealed with a Viton o-ring. After removal 
from the glove box, the reactor again was allowed to warm to ambient laboratory 
temperature. Lastly, the H2S was removed from the reactor by passing it through a solution 
ofNH.iOH. 
5.4. RESULTS AND DISCUSSION 
5.4.1 TEMPERATURE DEPENDENT REACTION ROUTE 
Structural and mass changes as a function of temperature were investigated using 
Raman scattering, IR absorption and TGA mass loss experiments. From these results the 
following temperature dependent reaction route is proposed for the H2S-GeS2 system: 
g-GeS2 + H2S(hyd.)---+ Adamantane-fuGe4S10---+ a-GeS2 +H2S(hyd.) T <-250°C 
The post-script "hyd." has been added to H2S in the above reaction route to suggest 
the role of water in the formation of the thiogermanic acid and a-GeS2 phases. Equation (1) 
states that for temperatures below 250 °C, the protonated thiogermanic phase is initially 
produced, followed by a-GeS2. A detailed discussion of this reaction has already been 
reported [18]. In the high temperature (-750 °C) sublimation reactions, the resulting product 
is similar to the starting precursor with only defect quantities of hydrogen. Additionally, 
some GeS is suggested to form because of the formation of FeS and/or FeS2 in the bottom 
portion of the steel reactor interior. 
(1) 
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5 .4.2 HIGH TEMPERATURE REACTION PRODUCTS 
The IR spectra of Figure (4) shows a comparison between glassy GeS2 and the 
protonated GeS2 based material from high temperature reactions. Whereas the slight H20 
and C-H contamination is common in the starting material, the S-H vibration mode at 2500 
cm-I is observable, indicating slight protonation of the material. However, it is not clear 
when the pro to nation took place, either during sublimation - 7 50 °C or after sublimation in 
the cold zone of the reactor< 200 °C. The Raman spectra of Figure (5) show that the 
structure of the protonated g-GeS2 based material is very close to that of the starting glassy 
GeS2. However, there are two main differences. The presence of a new band around 250 
cm-1 can be attributed to ethane-like S3Ge-GeS3 groups [20]. It is suggested that the 
synthesis of these groups resulted from the production of FeS and FeS2 inside the stainless 
steel reactor at elevated temperatures. The intensity of this band is small compared to the 
GeS2 bands and therefore, the material is mainly composed of GeS2. The second change is 
the presence of a new band at 415 cm-I that can be attributed to the Ge-s- bond stretching 
vibration in dithiogermanate tetrahedra ( Ges;_5 ) of C3v symmetry. The rupture of Ge-S-Ge 
bridges and the formation of thiol groups (S-H) as the network is depolymerized could 
explain these bands. Other researchers have reported similar features in the silver 
thiogermanates system [21]. 
Figure (6) and (7) show SEM micrographs of the resulting powder that is composed 
of spherical particles with sizes ranging from -100 nm to a few µm. The particles are found 
to be very homogeneous with an average composition of 44 and 56 wt % for sulfur and 
germanium, respectively. This composition corresponds to the formula GeSu8. This result is 
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in accordance with the presence of bands corresponding to S3Ge-GeS3 contaminates in the 
Raman spectra 
5.4.3 MODERATE TEMPERATURE REACTION PRODUCTS 
The Raman spectra of select glass-ceramic compounds produced below 250 °C are shown 
in Figure (8), it is clear that compound A and B are both mostly glassy whereas compounds 
C and D are primarily the adamantane phase. Compound E is predominantly a-GeS2, as 
indicated by the weaker peaks at 372 and 381 cm-I [22]. The c9rresponding mass loss 
recorded by TGA measurements for each compound support the phases identified by Raman. 
From the TGA spectra shown in Figure (9),compounds A, B and E all show slight changes in 
the rate of mass loss near the formation temperature of P-GeS2. Compounds C and D show 
an increased mass loss corresponding to the decomposition of the adamantane structure 
above 250 °C. [7]. 
Infrared spectra are presented in Figure (10) for the previously selected moderate 
temperature reaction products of gaseous H2S and solid GeS2. The IR absorption data is 
rescaled based on sample concentration and sample thickness, allowing a more quantitative 
comparison between the samples. The specific concentration of each sample was determined 
by density and thickness measurements of the pressed KBr pellet. All of the reactions were 
preformed for -16 hours at temperatures below 250 °C, i.e. in the temperature region where 
Eq. (1) is valid. The S-H stretch mode at -2520 cm-I is the key feature ofthis figure. From 
the reaction route as shown in Eq. (1), the protonated phase is an intermediate product for the 
terminal a-GeS2 phase. In addition to the S-H stretch, several other bands are present in the 
IR spectra representing contaminates introduced from the starting g-GeS2 precursor. The 
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broad bands located around 877 cm-1 may be assigned to asymmetric stretching mode Vas 
(Ge-0-Ge) and the broad bands located around 553 cm-1 may be assigned to symmetric 
stretching mode Vs (Ge-0-Ge), respectively (23]. Additionally, an 0-H stretch mode 
centered around 3400 cm-1 is present along with a C-H stretching mode at -2900 cm-1• 
Arrhenius plots of the d.c. conductivity values for select samples are shown in Figure 
(11). Conductivities for the mixed phase samples (A- E) are low and of the same magnitude 
as those previous reported for pure adamantane-H.iGe4S10 [8]. Thermal cycling of the 
samples was not performed due to a high temperature phase transition attributed to P-GeS2. 
This phase transition is indicated by slight discontinuities in the activation energies near 
-360 °C. Additionally, a change in the conduction mechanism may occur near this 
temperature, going from proton conductivity to a more defect-type conductivity. 
5.4.4 QUANTITATIVE IR SPECTROSCOPY 
The IR absorption coefficient of the S-H stretch region in germanium sulfide based 
compounds was investigated as a function of the analyte concentration. A calibration plot 
has been prepared by plotting the absorbance of a series of samples against their analytical 
concentration. 
In this study various amounts of adamantane H4Ge4S10 were mechanically mixed with 
glassy-GeS2. Mixtures varied from 100 to 0 mol % H.iGe4S10 with the balance as GeS2 glass. 
The thoroughly mixed samples were then diluted to 3 wt % with KBr. The collected spectra 
have been scaled to normalize for mass and thickness variations in the KBr pellets. The area 
under the S-H stretch was found using a baseline subtraction and then integrating the region. 
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The corresponding areas were graphed in Figure (13) as a function of analyte concentration 
in the samples. 
A brief explanation is presented here, beginning with Beer-Lambert's Law: 
A(A,c) = E(A)·t·c (2) 
where A is the measured absorption coefficient (unitless), £is the wavelength-dependent 
molar absorptivity coefficient (l/(mole·cm)), tis the thickness of the measured sample (cm), 
and c is the concentration (mol/l)of the absorbing form of the analyte in the interaction 
volume. For all of these measurements, the same setup for the IR spectrometer was used, i.e. 
the beam area and intensity was constant between samples. As shown in Figure (12), the 
fraction of the analyte in the absorbing form is nonlinear with analyte concentration for these 
GeS2 -based materials. 
Using Eq. (2) and the absorptivity coefficient determined from the calibration plot 
shown in Figure (12), the various levels of protonation that were achieved for the moderate 
temperature samples (A - E) can be calculated. The same method as outlined in the pervious 
section was used to find the area of the S-H stretch for each glass-ceramic sample. The data 
is plotted against the reaction temperatures for the samples in Figure (13). Adamantane-
&Ge4S10 was used to normalize the data as it has a protonation of x = 1. In Figure (13) a 
clear trend is indicated; for a reaction time of -16 hours, protonation is more noticeable at 
lower temperatures (50 °C). This is consistent with the expected kinetic behavior of Eq. (1), 
i.e. at lower temperatures the intermediate protonated phase is denominate, whereas at higher 
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temperatures the terminal a-GeS2 phase is observed. The highest protonation achieved for a 
glass-ceramic sample was 62% relative to adarnantane-H4Ge4S10• 
5.5. SUMMARY AND CONCLUSIONS 
In the present work, the (x)H2S + (l-x)GeS2 system has been systematically 
investigated to determine compositional variations of hydrogen. It is suggested that the 
terminal stoichiometry that results from protonation of GeS2 with H2S is consistent with that 
of the H4Ge4S 10 phase. Two studies were preformed, one at high temperatures (-7 50 °C) 
with moderate pressures ( -100 psig) and the other at moderate temperatures (ambient 
through -250 °C) with higher pressures (290 psig). Structural characterizations of the 
obtained glass-ceramic materials have been carried out using IR and Raman spectroscopies, 
thermo-gravimetric analysis, AC impedance spectroscopy and SEM. Shorter times and 
lower temperature reactions produce the protonated thiogermanic acid H4Ge4S10 with an 
adarnantane microstructure. Longer times produce an unprotonated L.T. 3-D a-GeS2 crystal 
structure. Higher reaction temperatures result in weakly protonated glassy materials; the 
micrograph images show these materials are composed of very small spherical particles (100 
nm to a few µm). Structural incorporation of hydrogen is confirmed by the S-H band in the 
IR spectrum at 2500 cm-1• Quantifiable percentages of protonation (S-H:Ge) are shown as a 
function of reaction temperature. The highest protonation achieved for the glass-ceramic 
samples was -62 % that of H4Ge4S10. 
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5. 7. FIGURES 
Figure (1) [Ge4S10]4- anion for the Adamantane-f4Ge4S10 thiogermanic acid. 
Figure (2) High temperature, moderate pressure protonation experiments. A schematic 
drawing of the system used to pressurize both the high and moderate 
temperature reactors. Also depicted is a schematic drawing of the water-
cooled stainless steel type 310 reactor that was used in the high temperature T 
= -7 50 °C experiments. 
Figure (3) High pressure, moderate temperature protonation experiments. A schematic 
drawing of the stainless steel type 316 reactor that was used in the moderate 
temperature (T < 250 °C) experiments. 
Figure ( 4) IR spectra of protonated amorphous protonated material from high 
temperature reaction of H2S with GeS2. Glassy-GeS2 is shown for comparison. 
Figure (5) Raman spectra of protonated amorphous protonated material from high 
temperature reaction of H2S with GeS2. Glassy-GeS2 is shown for comparison. 
Figure (6) SEM micrograph 5,000x of the amorphous protonated material from high 
temperature reaction of H2S with GeS2. 
Figure (7) SEM micrograph 15,000x of the amorphous protonated material from high 
temperature reaction of H2S with GeS2. 
Figure (8) Raman spectra of selected TGA samples in Figure (9) prior to thermal 
measurement. Samples A and B show effectively un-reacted products, they 
are consistent with g-GeS2. Samples C and D are consistent with the 
adamantane phase of f4Ge4S10. Sample Eis consistent with a-GeS2. This 
reinforces the suggested reaction route shown in Eq. (1). 
Figure (9) TGA spectra of selected glass-ceramic protonated material produced from 
moderate temperature reactions ofH2S + Ge2S. Glassy-GeS2 is shown for 
comparison. Samples A and B show effectively un-reacted products, they are 
consistent with the g-GeS2. Samples C and Dare consistent with the 
adarnantane phase of H4Ge4S10. Sample Eis consistent with a-GeS2. This 
reinforces the suggested reaction route shown in Eq. (1). 
Figure (10) IR spectra of selected TGA samples in Figure (9) prior to thermal 
measurement. Samples A and B show effectively un-reacted products, they 
are consistent with g-GeS2. Samples C and Dare consistent with the 
adamantane phase of f4Ge4S10. Sample E is consistent with a-GeS2• This 
reinforces the suggested reaction route shown in Eq. (1). 
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Figure ( 11) Arrhenius plot of estimated d.c. conductivities of previously characterized 
samples (A-E) achieved with a.c. impedance spectroscopy. 
Figure ( 12) Area of S-H stretch absorbed in IR spectra of protonated samples as a function 
of hydrogen concentration (protonation). In this study various amounts of 
adamantane I4Ge4S 10 was mechanically mixed with glassy-GeS2• Collected 
spectra have been scaled to normalize for mass and thickness variations. 
Based on these results it is suggested that over a large range in hydrogen 
concentration the absorption coefficient of the S-H stretch cannot be fit 
accurately with zero order polynomial. The fraction of the analyte in the 
absorbing form is then non-linear with analyte concentration, for S-H in these 
Ge-based materials. 
Figure (13) Protonation vs. reaction temperature of the high pressure/moderate 
temperature compounds produced. The protonation ratio of 1: 1 is normalized 
to the thiogermanic acid I4Ge4S10. The highest protonation achieved for a 
glass-ceramic sample was 62% relative to adamantane-I4Ge4S10• 
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6.1 ABSTRACT 
In the present work, the reaction routes for the formation of the Adamantane-
RiGe4S10 and Double-decker-H2Ge4S9 thiogermanic acids have been investigated from 
gaseous H2S reactions with GeS2 and Ge02. Additionally the role of water in the reaction 
process is examined. Whereas, H2Ge4S9 did not form from gaseous H2S reactions with GeS2, 
it formed readily with Ge02 reactions. Additionally the synthesis route for the H4Ge4S10 
phase using Ge02 as a precursor is found to be H2S(g) pressure dependent. Structural 
characterizations of the obtained materials have been carried out using IR and Raman 
spectroscopies and powder XRD. 
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6.2 INTRODUCTION 
Germanium disulphide, GeS2, based systems have received notable attention in recent 
years. GeS2 is a good glass former and some GeS2-based glasses exhibit both favorable 
electrical and optical properties. Semiconducting glasses such as the Ge-Ga chalcogenides, 
i.e. GeS2-Ga2S3 glasses, are potential materials for microelectronics devices [1, 2]. 
Additionally GeS2 is one of several materials that have attracted the attention of researchers 
in the area of fast ion conducting glasses for battery applications [3, 4, 5] and hydrogen fuel 
cell membranes [6]. Bulk binary glasses such as the Ag2S-GeS2 or LhS-GeS2 systems are 
solid electrolytes with a high ionic conductivity at room temperature [7, 8]. 
Interestingly, the simplest system of the modified thiogermanates, H2S-GeS2, appears 
to have never been extensively studied [9, 10]. Adamantane- H4Ge4S10 and Double-decker-
H2Ge4S9 thiogermanic acids have been previously studied and have shown much promise as 
the foundation for a new anhydrous type of high temperature fuel cell membrane. The 
H4Ge4S10 adamantane phase was produced from liquid H2S reactions with Ge02 [5, 6] and 
glassy GeS2 [11]. In contrast, the H2Ge4S9 phase was only reported from liquid H2S 
reactions with Ge02 [5, 6]. Figure (1) shows an example of the H4Ge4S10 thio-acid with an 
adamantane [Ge4S10]4- anion and the H2Ge4S9 thio-acid with a double-decker [Ge4S10]4- anion 
[5, 11]. Previous to these recent reports, a stoichiometric H2Ge2S5 phase was reported to 
have been produced from a reaction of Ge02 and H2S, which had been dissolved in H20 [12, 
13]. Additionally the presence of water was suggested for the reaction process. Recent work 
at lower temperatures with the H2S + GeS2 system has yielded an efficient method to produce 
pure a-GeS2 in a short time span with an intermediate product of ~Ge4S10 [14]. In this 
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article, further work is preformed to more fully understand the role of water on the formation 
of the Adamantane-fuGe4S10 and Double-decker-H2Ge4S9 phases. 
6.3 EXPERIMENTAL 
Glassy-GeS2 (g-GeS2) was prepared using germanium metal (Cerac, 99.999%, 100 
mesh) and sulfur (Alfa Aesar, 99.999%, 325 mesh) in stoichiometric amounts sealed under 
vacuum in a silica tube and then heated at 3 °C/min to 900 °C in a rotating furnace for eight 
hours. After air quenching, the glassy product was ground to a fine powder in a spex-mill. 
Characterizations using Raman scattering and mid-IR spectroscopy were used to verify its 
purity with regard to crystallinity and oxide contaminates. Ge02 was obtained commercially 
from Cerac, 99.999% purity. To avoid the possibility of air and moisture contamination, a 
helium glove box ( < 5 ppm 02 and H20) was used for all handling of starting and final 
materials. 
For each reaction, the molar amount of Ge was held constant. Specifically 200 ±1 mg 
of g-GeS2 or 153 ±1 mg of Ge02 was added to the reactor. A high pressure reactor of 
stainless steel type 316 was used for materials preparation. It allows for the reaction of 290 
psig H2S(g) with Ge02 or GeS2. A Viton o-ring was used to seal the bottom tube portion of 
the reactor to the top assembly with Swagelok valve. The reactor was then evacuated to -75 
mTorr. The bottom portion of the reactor was cooled with liquid nitrogen and back-filled 
with-2.2 g ofH2S (-270 psig at ambient temperature). Next, the reactor was allowed to 
slowly warm back to ambient temperature and placed in a water bath held at 30.0 ± 0.5 °C. 
The H2S gas was bled out of the reactor until a pre-reaction pressure, depending on the 
ultimate reaction temperature, was achieved. The specific pre-reaction pressure was 
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calculated using the equation of state of H1S [ 15]; once the reactor reached its intended 
reaction temperature of 50 °C the pressure would be 290 psig. Unless otherwise noted all 
reactions were allowed to proceed for 64 hours, after which time the H2S(g) would be 
removed from. the reactor and the resulting product collected for further examination. 
The IR spectra of the reaction products were produced using 3 wt % sample to KBr in 
pressed pellets. The IR spectra were measured with a Bruker IFS 66v/s IR spectrometer 
using 4 cm-I resolution. Raman spectra were taken with a Bruker RFS-100/S FT-Raman 
spectrometer using a Nd:YAG 1064 nm laser line, LN2 Ge-detector in a 180° backscattering 
geometry and 2 cm-I resolution. 
The X-ray powder patterns were collected in the range 3° < 28 < 70° using a Siemens 
X-ray difractometer. 
6.4 RESULTS AND DISCUSSION 
Adamantane-HiGe4Sio and Double-decker-H2Ge4S9 phases are suggested to be 
produced according to the reactions below: 
The subscript "hyd." has been added to H2S to draw attention to the previously suggested 
critical role of water in the reaction process [12]. 
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Figure (2) presents the Raman spectra of select reaction products. Whereas previous 
reports have suggested the presence of trace amounts of H20 for these reactions to proceed 
[5, 11, 14], catalytic behaviour was not directly determined. From this work, H20 is 
suggested to act as a catalyst for the reaction process. Samples A and B were produced from 
GeS2 and Ge02 reactions with gaseous H2S, respectfully. During the reaction of Ge02 with 
H2S in sample B, H20 is produced as shown in Eq (2); additionally, water was added to 
sample A in the GeS2 + H2S(g) reaction, so that both the Ge02 and GeS2 reactions would 
contain the same molar amount of water. While H2Ge4S9 is observed in product B, this phase 
is not observed in product A. Instead, ff4Ge4S10 and the terminal product a-GeS2 are 
observed in reaction product A. This is clear from the adamantane ff4Ge4S 10 modes at 145 
and 187 cm-1, and the tetrahedral breathing mode at 355 cm-1. Additionally the a-GeS2 
tetrahedral breathing mode at 344 cm-1 is also visible in the sample. No evidence for the 
Double-decker tetrahedral breathing mode at 352 cm-1 is observed. 
Surprisingly a-GeS2 was also produced in the Ge02 + H2S(g) reaction product B. Far-
IR spectra shown in Figure (3) reiterate the Raman spectra characterization shown in Figure 
(2). Samples A and Bare shown with a-GeS2, adamantane-ff4Ge4S10 and double-decker-
H2Ge4S9 phases. Clear microstructures of the adamantane with a-GeS2 and double-decker 
with a-GeS2 are shown for sample A and B respectively. Pure a-GeS2, ff4Ge4S10 and 
H2Ge4S9 are shown for comparison with reaction products. Additionally, powder XRD was 
performed on sample B, and shown in Figure (4). The reaction product Bis a distinct 
mixture of the H2Ge4S9 and a-GeS2 phases. 
In an attempt to verify the result of sample A, -530 mg of H20 was added to the GeS2 
+H2Scg) reaction. By adding an effective infinite amount of water to the reaction it was hoped 
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that the Double-decker-H2Ge4S9 compound would form; however a.-GeS2 was again found to 
be the product as seen in, Figure (2), sample C. Based on these finding it is suggested that 
the Double-decker phase of H2Ge4S9 cannot be formed from GeS2 and H2S(g) irregardless of 
the amount of water added to the reaction. Perhaps liquid H20 is needed to obtain the 
"4Ge4S10·x.H20 double-decker phase. 
In an attempt to investigate the pressure dependence of the "4Ge4S10 and H2Ge4S9 
reactions, the GeGi +H2S(g) reaction (sample B) was repeated with only 145 psig of H2S(g)· 
The Raman spectra of the resulting materials are shown in the bottom portion of Figure (2). 
Sample D and E reacted for 64 and 136 hours, respectfully, at 50 °C with no noticeable 
reaction. From these results it is clear that no reaction occurred; unreacted Ge02 is shown 
for comparison. This suggests Adamantane-"4Ge4S10 requires a minimum pressure of H2S > 
145 psig to form from Ge02. 
6.5 CONCLUSIONS 
The formation conditions for the adamantane "4Ge4S10 and the double-decker-
H2Ge4S9 thiogermanic acids were studied. Reactions to produce H2Ge4S9 were shown to be 
precursor, H20 concentration, and H2S(g) pressure dependent. H2Ge4S9 was shown not to 
form from gaseous H2S reactions with GeS2. 
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6.7 FIGURES 
Figure (1). 
Figure (2). 
Figure (3). 
Figure (4). 
Adamantane-H4Ge4S10 (left) and double-decker-H2Ge4S9 (right) thiogermanic 
acids are shown above, respectfully. The larger sulfur atoms form the comers 
of the GeS2 tetrahedra. Slight variations in the tetrahedras orientations mark 
the difference between these compounds. Protons surround the cage 
structures as indicated by the small atoms near the large terminal sulfurs. 
Upper Raman spectra illustrate that double decker-H2Ge4S9 was only formed 
from gaseous H2S reactions with Ge02 (B) versus GeS2 (A, C). Reaction of 
Ge02 with only 145 psig of H2S(g) produced no reaction as shown in the lower 
section of the Raman spectra (D, E). This suggests Adamantane-H4Ge4S1o 
requires a minimum pressure of H2S(g) > 145 psig to form from Ge02. 
Far-IR confirms the results from the Raman spectra that double-decker-
H2G4eS9 was only formed from gaseous H2S reactions with Ge02 and not 
GeS2. 
Powder XRD pattern illustrates that a-GeS2 did form with the Double-decker 
phase from gaseous H2S reactions with Ge02. H20 is a limiting reactant for 
these reactions as excess water is necessary for complete reaction. 
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7. CONCLUSIONS 
This is a first study of a new class of anhydrous fuel cell membrane materials, the 
solid sulfides. With further development these materials have the potential to be the material 
of choice for low temperature fuel cells (100 °C to 300 °C) electrolytes. The formation 
reactions were investigated for Adamantane-~Ge4S10 and Double-decker-H2Ge4S9 
thiogermanic acids. Additionally a new method for the production of high purity a-GeS2 was 
also found during the investigation. 
Collected below is a summary of the suggested reaction routes for the Ge-S-H based 
compounds presented in this thesis: 
4Ge02 + lOH 2 S( 81 ~Adamantane(H4Ge4S10 ) +SH 20 
~Doubledecker( H 2Ge4 S9 )+8H20+H2 S(g! 
For the investigation of these reaction routes, H2S(g) pressure was no less than 290 
psig, at reaction temperature (50 °C to 230 °C). Experiments suggest that the Adamantane 
~Ge4S 10 phase and likely the Double Decker H2Ge4S9 phase are pressure dependent 
reactions. 
The first reaction route studied produced the terminal phase a-GeS2. The low 
(2) 
temperature three-dimensional corner shared phase of GeS2, a-GeS2, was rapidly made from 
glassy GeS2 at low temperatures (25 °C to 250 °C) from reactions with H2S. For example, at 
200 °C reaction times were as short as 16 hours. Powder XRD, Raman scattering, and mid-
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IR and far-IR absorption were used to verify the cx-GeS2 structure and purity. As an 
intermediate to the cx-GeS2 product, the RiGe4S10 thiogermanic acid phase is produced with 
an adamantane like structure. 
The second area of work was with the (x)H2S + ( l-x)GeS2 system in general. It was 
systematically investigated to determine compositional variations of hydrogen. It is 
suggested that the terminal stoichiometry that results from protonation of GeS2 with H2S is 
consistent with that of the RiGe4S 10 phase. Two studies were preformed, one at high 
temperatures (-750 °C) with moderate pressures ( -100 psig) and the other at moderate 
temperatures (ambient through -250 °C) with higher pressures (290 psig). Structural 
characterizations of the obtained glass-ceramic materials were carried out using IR and 
Raman spectroscopies, thermo-gravimetric analysis, AC impedance spectroscopy and SEM. 
Shorter times and lower temperature reactions produce the protonated thiogermanic acid 
RiGe4S 10 with an adamantane microstructure. Longer times produce an unprotonated low 
temperature 3-D a-GeS2 crystal structure. Higher reaction temperatures result in weakly 
protonated glassy materials; the micrograph images show these materials are composed of 
very small spherical particles (100 nm to a few µm). Structural incorporation of hydrogen 
was confirmed by the S-H band in the IR spectrum at 2500 cm-1• Quantifiable percentages of 
protonation (S-H:Ge) were determined as a function ofreaction temperature. The highest 
protonation achieved for a glass-ceramic sample was 62% relative to adamantane-RiGe4S10. 
A finally study was performed on formation conditions for the adamantane RiGe4S10 
and the double-decker-H2Ge4S9 thiogermanic acids. Reactions to produce H2Ge4S9 were 
shown to be precursor, H20 concentration, and H2S(g) pressure dependent. H2Ge4S9 was 
shown not to form from gaseous H2S reactions with GeS2. 
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7 .1 FuTURE WORK 
Areas that are yet to be investigated for the GeS2+H2S system include a study of the 
enthalpy of formation for either of the identified thiogermanic acids and the change in Gibbs 
free energy of the reaction. Additional work could also be preformed on the kinetics of the 
reactions with specific regard to the possible catalytic role of water therein. 
Work on increasing the conductivity of the thiogermanic acids using alkali cations 
has already been accomplished in parallel with this research. In this area a possible electrode 
material based on molybdenum was located. Further work on possible electrode materials is 
needed as sulfur tolerant cathodes and anodes will be key to the future development of the 
solid sulfide fuel cell. 
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9. APPENDIX 1: EQUATION OF STATE OF HYDROGEN SULFIDE 
There exists the possibility that hydrogen sulfide is such a non-ideal gas that even at room 
temperatures the standard calculation of n would not be correct if one were to assume that t 
gas was ideal. Therefore this worksheet has been created to find n-~S for each experimem 
Further, from that n we can find the final reaction pressure for each experiment. 
p·v v a V 
z=-- and z= - where v=-
R·T (v - b) R·Ti.s.(v + b) n 
p·V v a therefore = 
R·T·n n{:-b) "(v ) R·T·· ~+b 
Simplifing p· V v a = 
R·T15t +b) RT·n V-b·n 
Constants for H2S in the above equation are: 
3 L·atm cm ·bar R := 8.20578·10- 2 R = 83.145---
mole-K mole-K 
3 b := 29.91 ·Cm 
3 V := 74.117cm T := (273 + 22)K 
( 3)2 5 cm ·bar·K 
a:= 8.858·107·-----
mole 
A closed form solution is not obvious at this point. Therefore a software package 
from Texas Instruments is used to collapse the equation. 
A solution in the form of a cubic polynomial is located, where: 
3 2 -n +B·n +C·n+D·n+E- o here A is 1 
B, C, D, and E vary with the specific initial pressure of each sample. Also, three solution 
exist to the above equation. It is possible to have three real non-degenerate solutions. And 
for the above case we do, they are: 
Care was taken in the calculation of the filling pressure to account for the difference between 
psia and psig, where psia = psig + 14. ?psi. 
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(
.035263 mole] 
n = .506589mole where p := 155psigwhere 
1.57906 mole 
T final := 250C 
n = (::::::: ::::J where p := l 62psigwhere 
l.57952mole 
T final:= 22sC 
n = (:::~:::::::Jwherep := 17lpsigwhere 
l.580Imole 
Tfinal := 200C 
n = (:::::::::::]where p := 192psigwhere 
l.58146mole 
T final:= 150C 
n = f 0~:::::::: l wherep :~ 218psig where 
n = (':::::::::]where p := 258psig where 
l.58568mole 
T final := 1 ooC 
T final := soc 
While the form of a cubic system dictates that there must exist three solutions to the system 
clearly only one of the solutions is applicable to our physical problem. The first and lowest 
harmonic solution that solves the system would be the actual solution. 
From these calculations we can find the pressures that each reaction reached at its final 
reaction temperature. 
.035263 250 + 273 
250 .035263 .037023 225 + 273 
225 .037023 .038308 210 + 273 
200 .039308 .040705 185 + 273 T:= n:= T:= ·K 
150 .044762 n:= 172+273 .041985 
100 .051947 .044762 150 + 273 
50 .063164 .051947 100 + 273 
.063164 50 + 273 a := 1 ,2 .. 8 
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[ V2·R·(Ta); + V·R·(Tal11a·b-t.·a·n(a)·Ta·V + a·(11a)2·Ta·b] 
Pa := -L·11amol·------------------------
3 
V·(Ta.)2 .[ -1.·V2 + b2·(11a)2] 
p1 = 291.862 psig T1 = 523K 
P2 = 290.382 psig T1 = 498K 
p3 = 290.397 psig T3 = 483K 
p4 = 290.58 psig T4 = 458K 
p5 = 290.008 psig Ts= 445K 
P6 = 291.358 psig T6 = 423K 
p7 = 290.004 psig T1 = 373K 
p8 = 290.004 psig Ts= 323K 
n := .039308 
Pf:= 290psig + 14.7psiwhere Tfinal := (200 + 273)K 
where Pf= 21.008 bar Ti:= (30.7 + 273)K 
[ V2-R·(Ti); + V-R·(Tin-b- L·a·n·TrV + a-(n{Trb] 
Pi:= -l.·nmol·---------------------
3 
V·(Ti)2·[-i..v2 + b2·(n)2J 176.953 psi 
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10. APPENDIX 2: STOICHIOMETRY CALCULATIONS FOR 
GES2 +H2S(G) REACTIONS 
This appendix explores the stoichiometry of the set of gas phase ~S reactions with GeS2. 
If the all of the reactants were consumed in each of the the first set of data in the results 
section shows the stoichiometry of the compounds that would have formed relative to four 
germanium atoms per structural unit. The second set of data of the results section shows the 
protonation of each hypothetical compound. 
PSIAloading{PSIGloading) := PSIGloading + 14.7psi 
Gemolewt := 72.6100-g-~molewt := 32.0660-g-
mole mole 
GeS2molewt := Gemolewt+ 2·8molewt S l ·= 02 amp emass. . g 
Samplemass 
Samplemole := Samplemole = 1.463 x 10- 3 mol 
GeS2molewt 
GemoleGeS2 := Samplemole SmoleGeS2 := 2· Samplemole 
Then for each experiment the number of moles of Ge was: 
GemoleGeS2 = l.463 x 10- 3 mole 
While the number of sulfur moles from Ge~ was: 
SmoleGeS2 = 2.925 x 10- 3 mole 
Moles of H2S per each reaction, based on the equation of state of H2S are shown below. 
Recall that the pressure ofH2S for each reaction was a constant 291 ± 2 psi 
250 .035263 
225 .037023 
200 .039308 
T:= Cn:= mol 8 moleH2S := 2·n 8moleH2S := n 150 .044762 
100 .051212 
50 .06079 
The actual number of moles of H, Ge and S are shown below with respect to reaction 
temperature 
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HmoleH2S = 
70.526 
74.046 
78.616 
89.524 
102.424 
121.58 
millimole 
250 
225 
200 
T= 
150 
100 
50 
c GemoleGeS2 = 1.463 millimole 
38.188 
39.948 
42.233 
S + S - millimole moleGeS2 moleH2S - 47.687 
54.137 
63.715 
Then if all of the H2S were to react completely with all of the Ge Si, based on the number of 
moles present in each reaction the following compounds would have been formed. All molar 
amounts are in millimoles. 
For the reaction that occurred at 250CH70sGe3.TS42.6 
For the reaction that occurred at 225CH74.o-Ge3.Ts44.3 
For the reaction that occurred at 200CH78_6·Ge3.TS46.6 
For the reaction that occurred at 150CH89sGe3.TsS2.1 
For the reaction that occurred at IOOCH102.4·Ge3_TS58.5 
For the reaction that occurred at SOC -Hl21.6·Ge3.TS68.l 
This would reflect protonation of: 
250 48.219 
225 50.626 
200 HmoleH2S 53.751 
T= c = 
150 GemoleGeS2 61.208 
100 70.028 
50 83.125 
